Among the recently observed effects of specific inhibitors on the metabolism of algae like Scenedesmus (1) two are of particular interest because they deviate from the type of inhibitions most frequently described in the literature on cell metabolism. The first concerns the extent of the inhibition and the quantum yield in photoreduction. Poisoning of the algae with hydroxylamine after their adaptation to hydrogen inhibits the rate of photoreduction even at very low light intensities. This means that despite the otherwise favorable conditions the quantum yield of the photochemical process decreases. As expected, the inhibition becomes rapidly greater with increasing concentrations of hydroxylamine. Until now similar effects upon the photochemical process proper have been classified as narcotic and unspecific, since they were found to be characteristic for those obtained with surface-active substances like urethanes, chloretone, chloroform. It is well known that with sufficiently high concentrations of such substances photosynthesis can be stopped completely. Here, however, we face a new problem because no matter how high the concentration of hydroxylamine is made (up to reasonable limits) the rate of photoreduetion at low intensities does not drop below 50 per cent of that of the control.
Among the recently observed effects of specific inhibitors on the metabolism of algae like Scenedesmus (1) two are of particular interest because they deviate from the type of inhibitions most frequently described in the literature on cell metabolism. The first concerns the extent of the inhibition and the quantum yield in photoreduction. Poisoning of the algae with hydroxylamine after their adaptation to hydrogen inhibits the rate of photoreduction even at very low light intensities. This means that despite the otherwise favorable conditions the quantum yield of the photochemical process decreases. As expected, the inhibition becomes rapidly greater with increasing concentrations of hydroxylamine. Until now similar effects upon the photochemical process proper have been classified as narcotic and unspecific, since they were found to be characteristic for those obtained with surface-active substances like urethanes, chloretone, chloroform. It is well known that with sufficiently high concentrations of such substances photosynthesis can be stopped completely. Here, however, we face a new problem because no matter how high the concentration of hydroxylamine is made (up to reasonable limits) the rate of photoreduetion at low intensities does not drop below 50 per cent of that of the control.
The other observation concerns the reversion (2) (called 'turn back' in the first papers (1) ) to the production of oxygen. Adapted cells thoroughly poisoned with hydroxylamine continue to utilize hydrogen for hours at light intensities which cause unpoisoned cells to revert to photosynthesis in a few minutes. The maximum rate of photoreduction thus stabilized by hydroxylamine far surpasses the maximum continuous rate obtainable with unpoisoned cells. Since the concentrations of hydroxylamine used in these experiments were rather high (10 -~ ~), one might ask whether the peculiar results were caused by reactions ditterertt in nature from those generally held responsible for the hydroxylamine poisoning, for instance by the formation of oximes with intermediates.
To decide the question a search was made among substances with anticatalytic properties. This paper presents data showing that 1, 10 (= ortho) phenanthroline ) 269 The Journal of General Physiology The three substances causing nearly identical effects seem to have nothing in common chemically but the capacity to form complexes with heavy metal catalysts. The poisoning with high concentrations of hydroxylamine, therefore, does not require any other explanation than that accepted for its activity at small concentrations, namely the inhibition of an enzyme containing iron (or, unlikely, copper). For comparison a few experiments with iodoacetamide and chloretone are included in this paper.
The atypical inhibition of photoreduction to the limit of only one-half of its normal rate and the simultaneous stabilization against the reversion by strong light point to a particular sequence of reactions in the photosynthetic system. The interpretation of the earlier results have been discussed at length in a recent review (2) . The new experiments fit into the detailed diagram of photosynthesis presented there. To be fully understood they require, however, a further theoretical refinement.
Of more general interest to plant physiologists may be the finding that derivatives of vitamin K, which occurs in all green cells, have a widespread influence on the metabolism of these algae. (See the preceding paper.)
o-Phenanthroline"
The material (Scenedesmus sp. D3 and obliquus) and the method (manometric) used are identical with those of the earlier publications and need no description here. Fig. 1 shows the influence of increasing concentrations of o-phenanthroline upon the rate of photosynthesis and of photoreduction at different light intensities. The rates are given in per cent of the normal rate at 3,000 lux. On account of the quick reversion the "normal" rate of photoreduction at this light intensity (produced and measured with an ordinary incandescent lamp) cannot be observed directly like the rate at 600 lux. The 100 mark on the ordinate of Fig. 1 was found by extrapolating the maximum rate preceding the reversion in experiments of only a few minutes' duration with slightly poisoned algae.
Up to 0.5 X 10 -3 M o-phenanthroline the inhibition effects increase rapidly in all cases shown. Above that concentration the changes are small. Photosynthesis has practically stopped, whereas photoreduction continues at half the rate of the control. A further increase in the con-
Fio. 1. Inhibition of photosynthesis (-t-Os) and of photoreduction (-H2) in Sce~desm~ by increasing concentrations of o-phenanthroline. Rates in percentages of the rate in unpoisoned algae at 3,000 lux (ca. 300 foot-candles). 0.02 ee. of wet cells (4 rag. dry weight)in 3 cc. of ~r/30 phosphate buffer pH 6.0. Temperature: 26 °. Gas phase: 4 per cent of carbon dioxide in air or in hydrogen. Photosynthesis at 600 lux, × ---X; at 3,000 lux, • --O. Photoreduction at 600 lux, A ~---A; at 3,000 lux, O --O; at 40,000 lux, + ~ +. centration of the poison has a slight effect at high intensities and none at low ones. Obviously photoreduction makes use of two pathways, one which is easily inhibited by phenanthrolkue and another which is insensitive. The latter is able to follow a rise of the light intensity in a typical light saturation curve, which is plotted in Fig. 2 . Complete protection against reversion at saturation intensities exists only above an o-phenanthroline concentration of I0 -8 "~.
With 10 -4 ~ phenanthrofine reversion occurs at 40,000 lux after 5 minutes.
Compared with hydroxylamine phenanthroline is definitely more effective in inhibiting the reversion. We also find that less phenanthroline than by- droxylamine is needed for an inhibition of the adaptation reaction. Table I shows that 3.3 X l0 -5 ~{ phenanthroline is suificient to prevent it, yet this concentration allows the photochemical production of oxygen to proceed at a good, though diminished rate. The effect of phenanthroline upon adaptation hence resembles more that of cyanide than that of hydroxylamine. This is true also for the inhibition of respiration, which in most algae is insensitive to hydroxylamine. In Table I we see that respiration and photosynthesis in SceneAesmus D8 are inhibited approximately to the same extent by o-phenan- --21
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throline. In respect to photoreduction, however, cyanide and phenanthroline behave as antagonists. Table II shows an experiment yielding results similar to those obtained in presence of hydroxylamine and cyanide (compare Fig. 7 , reference 1).
The influence of o-phenanthroline in concentrations of about 0.33 X 10 -'3 ~r upon the dark reduction of carbon dioxide coupled with the oxyhydrogen reaction consists mainly in an inhibition of the coupled reduction, while the oxyhydrogen reaction is allowed to go to completion. In all the experiments described above it is important that the measurements are made within a few hours after adding the poison to the cell suspension. If they last longer than 10 hours the liquid of the cell suspension containing o-phenanthroline begins to show a reddish color characteristic for the phenanthroline ferrous iron complex. Simultaneously the inhibitions observed increase in an unpredictable manner and are no more exactly reproducible. Perhaps divalent iron is extracted from the cell which might serve normally in metabolic reactions.
Phthiocol and Other Vitamin K Derivatives
Vitamin K, phytyl-methyl-naphthoquinone, seems to occur in all plant chloroplasts. It is insoluble in water. 2-methyl-l,4-naphthoquinone, the synthetic vitamin K, is also scarcely soluble in water. Its effects upon the metabolism of algae are quite similar to those observed with phthiocol. Phthiocol, 2-oxy-3-methyl-1,4-naphthoquinone, occurs naturally in Bacillus tuberculosis. Its vitamin K activity is low, but it is soluble in slightly alkaline media. In the following experiments it was added to the cell suspensions in form of a M/250 solution in M/250 disodium phosphate, which has a red color? Its effect on photosynthesis is comparable to that of hydroxylamine. At 25 °, pH 6, and 4,000 lux concentrations of about 10 -5 M phthiocol decrease the rate of oxygen evolution in Scenedesmus about 10 per cent. 10 4 M phthiocol causes a 90 per cent inhibition. With higher concentrations the inhibition is complete. In alkaline solutions phthiocol forms ionized salts which apparently do not penetrate into the cell. Turning to anaerobic conditions, we find that phthiocol is slowly reduced to the hydroquinone (cf. 3). If hydrogen is present, more hydrogen is taken up than by the cells alone; simultaneously the red color disappears. The latter is seen to return in presence of low oxygen partial pressure~ which do not yet enforce the reversion of the algae to aerobic conditions. The effect of phthiocol upon photoreduction is identical with that of hydroxylamine or phenanthroline, except that much smaller concentrations suffice to obtain it. Fig. 3 shows that a concentration of 10-6M produces a measurable inhibition. With increasing concentrations of phthiocol, the rate of photoreduction decreases to 50 per cent of the normal rate (under conditions of illumination, of course, where the normal rate can still be measured). From then on it remains constant, indicating that now the reaction is not influenced by phthiocol.
With the concentrations used the light absorbed by the colored phthioeol solutions is negligible as compared with that absorbed by the algae. This unimportant complication could be avoided by using red light. --8.0
Those concentrations of phthiocol or of vitamin K which cut the rote of photoreduction down to this lower limit stabilize the reaction against reversion b y excess light (Table H I ) . W i t h 1.25 X 10 ~ u phthiocol it is possible to produce true light saturation curves of photoreduction. In the experiment of which the data of Fig. 4 form a part the maximum rate at 30,000 lux (2700 foot-candles) was 113 ram./10 rain., that is about three times the rate at which reversion would occur in unpoisoned cells. The first part of the light saturation curve (Fig. 4) found with "stabilized" algae is linear. The linearity is observed 
Combined Influence of Phthiocol and o-Pttenanthroline
It should be pointed out that the 1,4-naphthoquinones appear to act upon the metabolism of plants in two ways, either as oxido-reduction catalysts or as substances combining specifically with heavy metal enzymes. Instances of the first type of activity would be the acceleration of respiration and the transfer of hydrogen to oxygen (see preceding paper); of the second, the inhibiting effects paralleling those produced by hydroxylamine or o-phenanthroline. The experiments shown in Tables V and VI demonstrate that a combination of o-phenanthroline and phthiocol produces no greater effect upon photoreductlon than that obtainable by one of the poisons alone. This speaks in favor of the assumption that both substances stop the activity of the same enzyme system and probably in the same manner.
The Assimilatory Quotient in the Adapted and "Stabilized" Algae
Rieke has found that in algae like Scenedesmus the lowest quantum number for the reduction of one molecule of carbon dioxide with hydrogen is ten (7); that is exactly the same number as obtained in recent years for normal photosynthesis in different laboratories (4-7 --6.6 --3.6
Test for reversibility. Algae in (a) and (d) washed several times in bicarbonate and acid phosphate, resuspended in bicarbonate as above. 33 hrs.
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Rates of photoreduction at 560 lux, mm./min. In Rieke's measurements of the quantum yield during photoreduction (unpublished), the computations were based on the previously determined zssimilatory quotient of two, as against one under aerobic conditions. The fact that the photochemical evolution of oxygen could be changed to an absorption of hydrogen and back without a shift in the computed yield proves again that the now generally established value of 0.1 for the quantum yield is real and not a result of variations in the quotient.
As long as the light intensity is the only rate-determining factor the rate of the photoreduction is a measure of the quantum yield. We have seen above that a number of poisons halve this rate even at low light intensities. This t.
may happen in two ways: either by a change in the assimilatory quotient, or by an actual drop in the quantum yield. A change of the quotient was not The time course of the reaction is shown in Fig. 5 .
entirely improbable because in the oxyhydrogen reaction the ratio hydrogen to oxygen falls often from two to one after poisoning with various substances (9) . Half the hydrogen is now supplied by intracellular donors. To know what happens in the poisoned algae, the assimilatory quotient was determined in the manner described in an earlier paper (I0). Table VII shows that the total amount of hydrogen absorbed for a given quantity of carbon dioxide does not change in the presence of the stabilizing poisons. The value of the quotient remains two. Fig. 5 presents the time course of the complete reduction of 60 c.mm. of carbon dioxide by hydrogen without and with poison added. What has changed is the rate only, that is, under the prevailing circumstances, the quantum yield.
Iodoacetamide
The inhibition of photosynthesis by iodoacetamide has been described by Kohn (11) . Our experiments on photoreduction with this type of poison, synthesis, but this might be due not to differences in the enzyme system attacked, but to the general differences between aerobic and anaerobic conditions. As long as the inhibition has not proceeded too far, the rate of photoreduction in the poisoned algae responds linearly to an increase of the light intensity. Because the rates are diminished the intensity threshold for reversion under the influence of light is higher than normal. There is, however, no true stabilization against reversion. In this respect the results obtained with iodoacetamide are comparable to the effect due to poisoning with dinitrophenol or to lack of carbon dioxide. 
Chloretone
Concentrations of chloretone which diminish the rate of respiration in Scenedesmus D8 to about 50 per cent have little influence upon photosynthesis, particularly at low light intensities, but inhibit strongly the adaptation to pho. toreduction. These observations parallel those concerning the cyanide inhibition. This is interesting because chloretone is a typical "narcotic" drug, and yet it acts here rather specifically. With sUghtly smaller concentrations, a slow but normal adaptation cannot be prevented. Upon illumination, however, the reversion to photosynthesis occurs in the slightly narcotized algae much earlier and at lower intensities than in the controls (Table X) . This latter effect would suffice to explain why an adaptation was not observed with the highest concentrations of chloretone. Among the enzymatic systems the hydrogenase (or one link of the hydrogen transfer system) appears to be the most sensitive one to the narcotic action of chloretone. The early reversion notwithstanding, small concentrations of this poison were found to produce often an acceleration of the hydrogen consumption, particularly at the beginning of an illumination period, as shown in Table X . This latter effect of chloretone becomes clearly demonstrable when the algae have been incubated with glucose, a treatment which is known to diminish or sometimes even to abolish the reaction with free hydrogen. We may assume that chloretone inhibits the utilization of internal hydrogen donors more strongly than that of mo]ecular hydrogen.
DISCUSSION
The earlier experiments with hydroxylamine proved that in presence of a "stabilizing" dose of poison the rate of photoreduction can attain a light saturation value considerably above the normal reversion threshold, but that at lower light intensities the rate is smaller than normal. The maximum inhibition averages 50 per cent and increases slowly with time. Merely the fact of an incomplete inhibition was considered theoretically important, the limit of 50 per cent attributed, to chance. The data of the present paper leave little doubt, however, that the ratio one-half is not accidental, but that it has a meaning; that it is not due to a variable difference in reaction velocities between the poison-sensitive and poison-fast photoreduction, but to a stoichiometric change concerning the reactions of the photochemical products. Hence that part of the equations and diagrams (2) describing the qualitative difference between the normal and the "stabilized" photoreduction must be modified so as to account for the quantitative aspect as well.
The complete discussion given in a recent review (2) cannot be repeated here. We shall make use of only some of the equations presented there. They are given the same numbers as in the said article. Under the assumption that the poison inhibits the production of "peroxide," the difference between the labile and the stabilized photoreduction was described by the following equations:
Photochemical reaction:
Formation of a "peroxide:"
Reduction by hydrogenase 
To account for the loss of exactly one-half of the photochemical products equation (3) has to be replaced by (2a) and (3a). The poison Pn is assumed to combine with catalyst Z in such a manner that the "peroxide" cannot be formed but that one-half of the oxidized photoproducts is transferred to the hydrogenase, while the remaining half disappears in reaction (8) .
(rOHh + zen --, ZPn(OH) + I-IOrr-(2a)
An interesting condition is that a reaction of the type (YOI-I), + 2 ZPn --* 2 ZPn0H + 2Y must be excluded, and that instead of symbolizing the first oxidized product by YOH we would have to write as shown in reaction (2a)--HOYYOI-I, -YYOH, and YY. This would imply a two step oxidation reduction process in the mechanism of the light reaction. Though formally our problem can be solved in this manner, another solution is also possible, based not on the loss of one-half but of all the original photochemical products. In photosynthesis one molecule of oxygen is evolved per molecule of carbon dioxide reduced to carbohydrate. After adaptation of the algae to hydrogen one molecule of oxygen taken up in the dark causes the reduction of only one-half molecule of carbon dioxide (9) . Accordingly, the second way to account for half the quantum yield in the stabilized photoreduction is to assume that the normal photochemical products, reduced substances XH and oxidized substances YOH, react back completely in an oxidation reaction which is coupled with the reduction of carbon dioxide in the same manner as the oxyhydrogen reaction. Since not less than one hydrogen atom (or electron) can be transferred in an elementary step, or per quantum, the photochemical process must have proceeded at least two steps forward (if not four) before a back reaction can be expected to cause the transfer of a hydrogen atom with the yield one-half. The way "down" must be different from the way "up."
Otherwise each molecule of water decomposed in the light should cause the transfer of one hydrogen when reformed in the course of the back reaction. The analogy with the oxyhydrogen reaction requires that the reappearance of every second molecule of water only is coupled with the transfer of one hydrodrogen atom from the hydrogenase to the carbon dioxide complex.
SUMMARY
It is known that with increasing concentrations of hydroxylamine the rate of photoreduction in the alga Scenedesmus drops to about one-half of the normal rate. From then on photoreducfion remains insensitive to hydroxylamine. The present experiments prove that this strange effect is not specific for hydroxylamine. It can be produced with substances having quite different chemical properties, such as o-phenanthroline, 2-methyl-l,4-naphthoquinone (vitamin K), or 2-oxy-3-methyl-naphthoquinone (phthiocol). Once the rate of photoreduction has been brought down to the limit of exactly one-half by a sufficient dose of any one of these substances, the reaction is also stabilized against reversion under the influence of strong light. At saturation intensities the rate of the stabilized photoreduction may be several times that at which the unpoisoned cells revert to photosynthesis. The ratio of one-half between the rates of the stabilized and the normal photoreduction is found at very low light intensities. This indicates a change in the photochemical process. Since the assimilatory quotient remains unaltered, it is the quantum yield which is cut in half under the influence of the poisons. To explain these observations it is assumed that either just one-half of the primary photoproducts are lost, or that they react back entirely while causing a reduction of carbon dioxide in a way similar to that brought about by the oxyhydrogen reaction in the dark.
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